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DObjectives: Finite element modeling was adopted to quantitatively compare, for the first time and on a patient-
specific basis, the biomechanical effects of a broad spectrum of different neochordal implantation techniques for
the repair of isolated posterior mitral leaflet prolapse.
Methods: Cardiac magnetic resonance images were acquired from 4 patients undergoing surgery. A patient-
specific 3-dimensional model of the mitral apparatus and the motion of the annulus and papillary muscles
were reconstructed. The location and extent of the prolapsing region were confirmed by intraoperative findings,
and the mechanical properties of the mitral leaflets, chordae tendineae and expanded polytetrafluoroethylene
neochordae were included. Mitral systolic biomechanics was simulated under preoperative conditions and after
5 different neochordal procedures: single neochorda, double neochorda, standard neochordal loop with 3
neochordae of the same length and 2 premeasured loops with 1 common neochordal loop and 3 different
branched neochordae arising from it, alternatively one third and two thirds of the entire length.
Results: The best repair in terms of biomechanics was achieved with a specific neochordal technique in the
single patient, according to the location of the prolapsing region. However, all techniques achieved a slight
reduction in papillary muscle forces and tension relief in intact native chordae proximal to the prolapsing region.
Multiple neochordae implantation improved the repositioning of the prolapsing region below the annular plane
and better redistributed mechanical stresses on the leaflet.
Conclusions: Although applied on a small cohort of patients, systematic biomechanical differences were noticed
between neochordal techniques, potentially affecting their short- to long-term clinical outcomes. This study opens
the way to patient-specific optimization of neochordal techniques. (J Thorac Cardiovasc Surg 2014;148:1025-34)Degenerative mitral valve (MV) prolapse is the most com-
mon mitral disease in western countries.1 Posterior leaflet
prolapse is the most common pathologic feature of a degen-
erative MV. Several conservative surgical techniques have
become popular, the first of which dates back to 1983.2
However, recent studies have demonstrated comparable
clinical outcomes, together with potentially superior results
in terms of physiology, with techniques that respect rather
than resect the diseased portion of the MV.3 Most of these
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The Journal of Thoracic and Car(NCI); its principal drawback is related to the precise
assessment of neochordal length during surgical interven-
tion.4,5 For that reason, several techniques have been used
to correctly measure neochordal length, fundamentally
based on anatomical in vivo measurement in the beating
heart using transesophageal echocardiography6 or func-
tional in vivo measurement in the standstill heart with inter-
mittent saline injection.7 Furthermore, single8 and multiple
neochordal stitching have been reported.9 These techniques
have been proved effective in the relief of MV prolapse and
associated with excellent mid- to long-term outcomes.10
Although in the last few decades finite element (FE)
modeling has been increasingly adopted to study the mitral
valve and quantify its biomechanics, under both physiologic
and pathologic conditions,11 few literature studies have
addressed the impact of NCI on MV biomechanics using
the FE technique.12-14 A pioneer study was performed by
Kunzelman and colleagues13 on a paradigmatic MV model
derived from fresh porcine hearts. A more recent study14
overcame the shortcomings of previous paradigmatic
FE models via a computational protocol able to virtually
simulate the effects of increasing the number of artificial
sutures, although based on a single MV geometry.diovascular Surgery c Volume 148, Number 3 1025
Abbreviations and Acronyms
cMRI ¼ cardiac magnetic resonance imaging
CoA ¼ coaptation area
CoL ¼ coaptation length
DN ¼ double neochordal implantation
ePTFE ¼ expanded polytetrafluoroethylene
FePTFE ¼ artificial suture tension
Fnc ¼ native chordal tension
FPM ¼ papillary muscles forces
FE ¼ finite element
FED ¼ fibroelastic deficiency
IPP ¼ isolated posterior leaflet prolapse
MV ¼ mitral valve
LN ¼ nonstandard premeasured neochordal
implantation with common loop of
one third of the entire length
LNH ¼ nonstandard premeasured neochordal
implantation with common loop of
two thirds of the entire length
NCI ¼ neochordal implantation
PM ¼ papillary muscle
Pre-model ¼ preoperative model
Phys-model ¼ physiologic model
SI ¼ maximum principal stress
SI
MAX ¼ peak value of maximum principal
stresses along the leaflet free margin
SL ¼ standard loop implantation
SN ¼ single neochordal implantation
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DHowever, no study has ever investigated the biome-
chanics underlying the above-mentioned spectrum of
different surgical NCI techniques and, in particular, using
a patient-specific multidisciplinary approach combining
bioengineering, radiological, and surgical methods. There-
fore, it was the aim of this study to investigate degenerative
MVs with isolated P2-scallop prolapse using a computa-
tional evaluation protocol based on the FE method and
combining patient-specific MV modeling from cardiac
magnetic resonance imaging (cMRI) and intraoperative
surgical findings to assess the biomechanical effects of
different clinical scenarios of P2 prolapse, as well as of
different surgical techniques for NCI.MATERIALS AND METHODS
The outline of the developed framework is reported qualitatively in
Figure 1. The analysis process involved different tasks, as detailed in the
following sections.
cMRI Acquisition
Four patients scheduled for surgical repair of isolated posterior leaflet
prolapse (IPP) caused by fibroelastic deficiency (FED) were enrolled in
the study (Table 1) at a single university hospital. As per protocol, all pa-
tients were in stable sinus rhythm preoperatively. These patients were1026 The Journal of Thoracic and Cardiovascular Surchosen from 20 contemporary cases of MV P2 prolapse analyzed by
cMRI because of the different mechanisms underlying a common
functional isolated P2 prolapse. In detail, patient 1 had rupture of a single
primary chorda arising from the posteromedial papillary muscle (PM) and
anchoring on the midportion of P2; patient 2 had a triple primary chordal
rupture, also arising from the posteromedial PM and anchoring on
mid-P2; patient 3 had a single primary chordal rupture arising from the
posteromedial PM and anchoring at the cleft area of P2 next to P3 scallop;
patient 4 had a single primary chordal rupture arising from the anterolateral
PM and anchoring on mid-P2.
At each preoperative acquisition, cine cMRI images were acquired on
18 cut planes evenly rotated around the axis passing through the annular
center and aligned with the left ventricle long axis (Figure 1, 1). Thirty car-
diac frames were acquired on each plane, with different temporal resolution
according to the R-R interval of each patient; cMRI images were acquired
using a 3.0-T TX Achieva system (Philips Medical System, Irvine, Calif)
with a pixel spacing of 1.25 mm and a slice thickness of 8 mm.
Three-Dimensional cMRI-Derived MV Model
The cMRI quantification of theMVapparatus was accomplished using a
standardized published technique.15 Briefly, segmentation of the set of
images was realized using dedicated software developed in MATLAB
(The MathWorks Inc, Natick, Mass). The position of reference points for
relevant MV substructures (ie, mitral annulus, leaflet free margin, and
PMs) was selected manually within the set of images. The coordinates of
the points identified were then automatically transformed in the three-
dimensional (3D) space using the information stored in the appropriate
DICOM fields in order to reproduce a complete and patient-specific 3D
geometric model of the MV apparatus. Moreover, segmentation of the set
of cine cMRI images allowed the motion of both the mitral annulus and
PMs to be tracked throughout the R-R interval. Relevant parameters
were then computed from the 3Dmodel obtained in order to assess MV ge-
ometry at the midsystolic frame (Table 1).
The initial stress-freeMV geometry was reconstructed with reference to
end diastole (ie, the last frame preceding closure of the leaflets) and
following the approach proposed by Stevanella and colleagues15: a com-
plete 3D model of the mitral apparatus was reconstructed at the selected
frame, including the extent of each MV leaflet and the chordal apparatus,
defined in accordance with ex vivo findings,16-18 previous work by the
group,11,15 and in particular the appearance of the heart during surgery.
Intraoperative measurements were carried out during surgery in order to
assess the length of individual posterior and anterior scallops and the
height of the anterior and posterior commissures. Moreover, the exact
location and extent of the prolapsing region were defined and further
details on the IPP lesion were added: (1) the number and type (first,
second, third order) of the chordae involved; (2) individual rupture or
elongation; (3) PM origin of ruptured/elongated chordae; (4) P2-scallop
insertion of ruptured/elongated chordae.
Simulation Setup
The simulation setup was performed as already detailed in previous
works.15 MV 3D numerical models were completed including the
mathematical description of the complex mechanical properties of MV
leaflets,19 native chordae tendineae,20 and expanded polytetrafluoro-
ethylene (ePTFE) neochordae.21,22 All simulations were carried out using
the commercial solver ABAQUS Explicit 6.10 (SIMULIA; Dassault
Systemes, Providence, RI). MV closure was simulated from end diastole
to peak systole, defined as the midsystolic frame within the R-R interval.
Suture Length and NCI
For each cMRI-derived model, the systolic MV biomechanics was first
simulated, reproducing the preoperative scenario of MV lesions and dys-
functions (Pre-model). From the Pre-model, a physiologic MV model
(Phys-model) was derived, which was characterized by complete and intactgery c September 2014
FIGURE 1. Study workflow: manual segmentation procedure (1) and computational modeling (2) for a patient-specific MV preoperative geometry with
IPP; simulation of the Phys-model (3) and different NCIs with accurate determination of each suture length (4); the contourmap of Z relative displacement is
reported at peak systole on the posterior leaflet for each NCI postoperative simulation in patient 2 (ePTFE sutures are generally visualized with a springlike
appearance). cMRI, Cardiac magnetic resonance imaging; MV, mitral valve; IPP, isolated posterior leaflet prolapse; NCI, neochordal implantation;
ePTFE, expanded polytetrafluoroethylene; SN, single neochordal implantation; DN, double neochordal implantation; SL, standard loop implantation;
LN, nonstandard premeasured neochordal implantation with common loop of one third of the entire length; LNH, nonstandard premeasured neochordal
implantation with common loop of two thirds of the entire length.
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TABLE 1. General characteristics of the patients in the study
Patient 1 Patient 2 Patient 3 Patient 4
Gender F M F F
Age (y) 77 75 76 80
Weight (kg) 75 83 60 65
Height (cm) 160 168 160 162
BSA (m2) 1.78 1.93 1.62 1.69
Heart rate (bpm) 63 88 65 62
A2D/BSA (cm2/m2) 6.55 5.96 8.97 8.78
DSL (mm) 30.5 32.8 37.2 40.6
DCC (mm) 40.9 43.3 45.7 46.5
e (-) 1.34 1.32 1.23 1.14
IPP region P2 P2 P2-P3 P2
F, Female; M, male; BSA, body surface area; A2D, annular area projection on the
mitral valve plane; DSL, septolateral diameter; DCC, commissural diameter; e, eccen-
tricity (DCC/DSL); IPP region, main prolapsing scallop in the posterior mitral valve
leaflet.
Acquired Cardiovascular Disease Sturla et al
A
C
Dchordal apparatus. For the Phys-model, the systolic peak configuration was
computed to obtain a physiologic level of MV coaptation; based on this
configuration, proper suture length was determined for 5 different NCI pro-
cedures, according to the following criteria:
1. Single neochorda implantation (SN, Figure 1, 4, a) with suture length
approximated in millimeters to the distance (dP
Phys) between the PM
tip and the point (P) of neochordal insertion on the MV scallop, as
clinically measureable with a surgical caliper;
2. Double neochorda implantation (DN, Figure 1, 4, b) with 2 different
sutures arising from the same PM; the lengths were measured separately
as in the SN configuration;
3. Standard neochordal loop (SL, Figure 1, 4, c), made of 3 premeasured
neochordae of the same length, arising from a loop tightened to a PM
and inserting in the prolapsing leaflet at 3 different points of insertion;
neochordal length was set to the maximal distance, in the Phys-model,
of the selected points from the PM tip;
4. Nonstandard premeasured loop (LN, Figure 1, 4, d) with a common
neochordal loop of one third and 3 different neochordae of two thirds
of the entire (PM tip-to-leaflet free margin) length, determined as in
the SL configuration;
5. Nonstandard premeasured loop (LNH, Figure 1, 4, e), with 1 neochordal
loop of two thirds and 3 different neochordae of one third of the entire
length (LNH), determined as in the SL configuration.Parameters
Postoperative systolic functionwas simulated for each NCI and assessed
in terms of the following MV biomechanical parameters which were ex-
tracted at peak systole from FE simulations: (1) coaptation area (CoA),
defined as the area of the region where the anterior and posterior leaflets
overlap after MV closure23; (2) coaptation length (CoL) between the ante-
rior and posterior leaflets along the prolapsing region, as routinely acces-
sible through transesophageal echocardiography technology24; (3) PM
forces (FPM), defined as the resultant reaction force produced by PMs
25 to
bear the tension of both native chordae tendinae and ePTFE sutures; (4)
native chordal tension (Fnc), defined as the sum of forces exerted by native
chordae tendinae in the proximity of the prolapsing region; (5) artificial
chordal tension (FePTFE) defined as the resultant force exerted by artificial
ePTFE neochordae, after NCI; (6) the peak value (SI
MAX) of the maximum
principal stresses SI, defined as the maximum value of the tensile stress
26
along the leaflet free margin (ie, where ePTFE was inserted).
All these parameters, with the exception of FePTFE (because it is not
available in the Pre-model), were compared with the corresponding preop-
erative simulation in order to establish potential biomechanical differences1028 The Journal of Thoracic and Cardiovascular Surbetween the NCIs performed. For each patient, the entire set of simulations
required 1 to 2 weeks of computations, and approximately 2 days of work
to segment the cMRI data and carry out the postprocessing of the compu-
tational results.
The Institutional Review Board approved the study and informed con-
sent was obtained from each patient.RESULTS
Leaflet Reposition
In each patient, the use of ePTFE sutures, regardless of
the NCI configuration performed, securely repositioned
the prolapsing region of the posterior leaflet under the
annular plane, resulting in the disappearance of mitral
regurgitation and IPP. The maximum displacement of the
free margin along the direction normal to the annular plane
(Z relative displacement) was comparable in all the NCI
configurations and equal to 9.9  0.4 mm in patient 1,
10.8  0.2 mm in patient 2, 6.2  0.1 mm in patient 3,
and 7.3  0.1 mm in patient 4. However, compared with
SN, implantation of multiple neochordae improved the
repair in the prolapsing region because a wider realignment
of the free margin along the prolapsed P2 region
was noticed, as highlighted in the contour maps of the rela-
tive Z displacement in the NCI simulations (Figure 1, 4) (ie,
the extent of the blue areas increased in each postoperative
model; the preoperative leaflet surface is shown in a
transparent gray color). Moreover, the repaired region of
the P2 scallop (ie, the area of P2 from the midline to the
P3) looked more like the morphologic configuration of its
counterpart segment constituting the P2 scallop (ie, the
area of P2 from the midline to the P1 scallop) at peak
systole.Coaptation Area and Length
A marked CoA recovery was noticed in all NCI
simulations; however, the best CoA recovery in each patient
was achieved with different NCI techniques, according to
the anatomy of the disease and the location of the prolapsing
region (Table 2, CoA section). In all patients, the lowest
CoA recovery was noticed with the SN configuration
(þ22.5% in patient 1, þ14.2% in patient 2, þ3.5% in
patient 3, and þ19.4% in patient 4). Throughout the set
of simulations, the maximal recovery of CoA in each patient
was achieved through multiple ePTFE sutures and in
particular adopting LN (þ33.2%) and SL (þ32.3%) in
patient 1, DN (þ33.0%) and LNH (þ32.6%) in patient 2,
LNH (þ28.7%) in patient 3, LNH (þ20.9%), and SL
(þ20.7%) in patient 4.
In the prolapsing region of each preoperative model, CoL
was absent as a result of IPP; a portion of the free margin of
the prolapsing scallop thus resulted in no coaptation as
shown in Figure 2, A.
AfterNCIs, for eachpatient,CoLwas restoredand itsmean
valuewas equal to 6.0 0.3mm in patient 1, 6.7 0.4mm ingery c September 2014
TABLE 2. Computed coaptation area (CoAs), coaptation length in the prolapsing region (CoLs), native chordae tension in the prolapsing region
(Fnc), ePTFE neochordae tension (FePTFE), papillary muscle reaction force (FPM), and peak value of SI stress (SI
MAX) along the posterior free
margin in preoperative models (IPP, where available) and after different neochordal implantations*
Patient 1 Patient 2 Patient 3 Patient 4
CoA (mm2)
IPP 129.7 203.1 176.1 204.5
SN 159.0 (þ22.5) 232.0 (þ14.2) 182.3 (þ3.5) 244.2 (þ19.4)
DN 159.5 (þ23.0) 270.1 (þ33.0) 220.6 (þ25.3) 244.9 (þ19.7)
SL 171.6 (þ32.3) 259.7 (þ27.8) 215.7 (þ22.5) 246.8 (þ20.7)
LN 172.8 (þ33.2) 246.8 (þ21.5) 204.0 (þ15.9) 245.7 (þ20.1)
LNH 164.7 (þ27.0) 269.3 (þ32.6) 226.6 (þ28.7) 247.3 (þ20.9)
CoL (mm)
IPP — — — —
SN 5.74 6.17 4.57 7.19
DN 5.71 7.15 5.78 7.48
SL 6.25 6.73 5.44 7.58
LN 6.41 6.56 5.47 7.53
LNH 5.94 6.99 5.80 7.60
Fnc (N)
IPP 3.21 3.99 3.72 2.56
SN 2.50 (22.2) 2.70 (32.4) 2.89 (22.2) 2.25 (11.8)
DN 2.34 (27.2) 2.41 (39.6) 2.42 (34.9) 2.16 (15.6)
SL 2.41 (24.9) 2.38 (40.4) 3.09 (17.0) 2.09 (18.3)
LN 2.25 (29.9) 2.28 (42.9) 2.63 (29.4) 2.09 (18.3)
LNH 2.26 (29.7) 2.42 (39.4) 2.60 (30.1) 2.07 (19.1)
FePTFE (N)
IPP — — — —
SN 0.94 1.31 0.65 0.59
DN 1.06 1.54 0.76 0.75
SL 1.00 1.50 0.67 0.86
LN 1.07 1.48 0.78 0.87
LNH 1.12 1.53 0.76 0.88
FPM (N)
IPP 14.08 13.58 15.48 17.57
SN 13.39 (4.9) 12.42 (8.6) 14.77 (4.6) 17.22 (2.0)
DN 13.04 (7.4) 12.15 (10.5) 14.62 (5.6) 17.16 (2.4)
SL 13.22 (6.1) 12.20 (10.2) 15.36 (0.8) 17.14 (2.5)
LN 13.11 (6.9) 12.15 (10.5) 15.02 (2.9) 17.16 (2.4)
LNH 13.16 (6.5) 11.78 (13.3) 15.06 (2.7) 17.14 (2.5)
SI
MAX (kPa)
IPP 272.0 349.1 145.6 364.1
SN 270.8 (0.4) 337.8 (3.2) 225.8 (þ55.1) 267.4 (26.6)
DN 254.5 (6.5) 248.7 (28.8) 165.1 (þ13.4) 227.2 (37.6)
SL 202.7 (25.5) 245.8 (29.6) 111.4 (23.5) 231.6 (36.4)
LN 201.1 (26.1) 287.9 (17.5) 189.1 (þ29.8) 223.9 (38.5)
LNH 200.6 (26.2) 284.8 (18.4) 179.1 (þ23.0) 242.4 (33.4)
IPP, Isolated posterior leaflet prolapse; SN, single neochordal implantation; DN, double neochordal implantation; SL, standard loop implantation; LN, nonstandard premeasured
neochordal implantation with common loop of one third of the entire length; LNH, nonstandard premeasured neochordal implantation with common loop of two thirds of the
entire length; CoA, coaptation area; CoL, coaptation length; Fnc, native chordal tension; FePTFE, artificial suture tension; FPM, papillary muscles forces; SI
MAX, peak value of
maximum principal stresses along the leaflet free margin. *Percentage variations with respect to IPP models are reported in brackets.
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in patient 4; in accordance with the CoA recovery
results, the highest CoL values were obtained using multiple
NCI: LN (6.41 mm) in patient 1, DN (7.15 mm) in patient
2, LNH (5.80 mm) in patient 3, and LNH (7.60 mm) in
patient 4.The Journal of Thoracic and CarPM Forces
In all NCI models, a slight reduction in PM
reaction force was noticed (Table 2, FPM section). The
highest decrease in PM force was measured in the DN
configuration in patients 1 and 3 (7.4% and 5.6%,
respectively), in the LNH configuration (13.3%) indiovascular Surgery c Volume 148, Number 3 1029
FIGURE 2. Coaptation length (CoL) on the prolapsing posterior leaflet of patient 2 Pre-model (A); coaptation area (B) in each Pre-model (for each patient,
the arrow indicates the region of no coaptation as a result of leaflet prolapse); CoL on the posterior leaflet of patient 2 after NCI (C, SL configuration);
contour maps of CoA (shown in green) after NCIs, for each patient (D). SN, Single neochordal implantation; DN, double neochordal implantation;
SL, standard loop implantation; LN, nonstandard premeasured neochordal implantation with common loop of one third of the entire length; LNH, nonstan-
dard premeasured neochordal implantation with common loop of two thirds of the entire length.
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configuration in patient 4.Native Chordal Tension
In all NCI models, chordal tension of the prolapsing
region was partially transferred from the intact native
chordae to the ePTFE sutures. The reaction forces
exerted by the native and intact chordae, adjacent to the
prolapsing region, are reported in Table 2 (Fnc section).
The range of percentage force reduction was 22% to
30%, 32% to 43%, 17% to 35%, and 12% to 19% for
each patient respectively, based on the technique used.
Overall, a decrease in reaction forces was obtained going
from SN tomultiple NCIs. The difference in chordal tension
Fnc between the Pre-model and each NCI was highest in LN1030 The Journal of Thoracic and Cardiovascular Surrepair for patients 1 and 2 (0.96 N, and 1.71 N), DN repair
for patient 3 (1.3 N), and LNH repair for patient 4 (0.49 N).Artificial Chordal Tension
The force exerted by artificial ePTFE sutures was
computed at peak systole for each patient (Table 2, FePTFE
section). Although different NCIs were performed, negli-
gible differences in terms of tension were reported on the
ePTFE sutures (1.04  0.07 N in patient 1, 1.47  0.09 N
in patient 2, 0.72  0.06 N in patient 3, and 0.79  0.12
N in patient 4).Stress Analysis
In the Pre-model of each patient, low SI stresses were
reported on the prolapsing segment of the posterior leaflet;gery c September 2014
FIGURE3. Results of stress analysis. A, Contourmap of SI stresses in the preoperative conditions for each patient (Pre-models); B, spatial distribution of SI
stress along the free margin of the posterior mitral scallops (P1, P2, and P3); C, contour map of the variation in relative SI stresses between each NCI model
and the Pre-model for patient 2. SN, Single neochordal implantation;DN, double neochordal implantation; SL, standard loop implantation; LN, nonstandard
premeasured neochordal implantation with common loop of one third of the entire length; LNH, nonstandard premeasured neochordal implantation with
common loop of two thirds of the entire length.
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the proximity of the prolapsing region, and in particular:
(1) along the free margin of P2 scallop close to the insertion
of intact native chordae as highlighted in patients 1, 2, and 4
(Figure 3, A); (2) on the adjacent posterior scallop P3, as
found in patient 3, whose prolapse was located in proximityThe Journal of Thoracic and Carof the P2-P3 cleft area. The maximum value of stress SI
MAX
was extracted for each Pre-model, along the free margin of
the posterior leaflet and found to be equal to 272.0 kPa,
349.1 kPa, 145.6 kPa, and 364.1 kPa, in each patient,
respectively. In patient 3, SI stresses were markedly lower
compared with the other patients; the location of prolapsediovascular Surgery c Volume 148, Number 3 1031
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scallop) than in the other patients; their prolapse mainly
involved the central P2 scallop.
In postoperative simulations, SI stresses were computed
along the free margin of the entire posterior leaflet
and are reported graphically in Figure 3, B, in order to
spatially assess and compare the result of different NCIs.
SI stresses along the nonprolapsing scallops were substan-
tially unchanged between pre- and postoperative analyses,
regardless of the technique used. In contrast, SI stresses
changed noticeably on the prolapsing scallop, with postop-
erative reduction in the areas subtended by native chordae
(thus, far from the neochordal insertion), regardless of the
technique used, with a redistribution of SI stresses at the
level of neochordal insertion.
The distribution and magnitude of SI stresses on neochor-
dal insertion proved to be technique specific. In all patients,
the highest values of S1
MAX were found after implantation
of a single neochorda (SN, 270.8 kPa, 337.8 kPa, 225.8k
Pa, and 267.4 kPa for each patient, respectively), whereas
the highest reduction in SI
MAX was achieved through multi-
ple NCIs, in particular with LNH in patient 1 (200.6 kPa,
26.2% from the Pre-model), SL in both patient 2 (245.8
kPa, 29.6%) and patient 3 (111.4 kPa, 23.5%), and
LN in patient 4 (223.9 kPa,38.5%). Moreover, in patients
1, 2, and 4, S1
MAX was lower than in the Pre-model for each
NCI; in contrast, only the SL configuration achieved a
noticeably lower value of S1
MAX with respect to the Pre-
model in patient 3. The values of S1
MAX along the free
margin of each model are detailed in Table 2.
In order to assess the postoperative distribution of SI
stresses, the contour map of the relative variation of SI
stresses (ie, the difference in SI stresses between each
NCI model and the Pre-model) is reported for patient 2, at
peak systole, in Figure 3, C. From a qualitative point of
view, equivalent patterns of SI stresses were identified in
postoperative simulations, regardless of the surgical tech-
nique used, because in a large area of the P2 scallop, stress
decreased (green area), thus indicating unloading of the
native chordae and relief of excessive mechanical stress
on leaflet tissue. In the repaired part of the posterior leaflet,
SI stresses increased after NCI (red area) because ePTFE
sutures restored mechanical tension along the prolapsing
region of the leaflet. Moreover, going from the SN configu-
ration to multiple NCI, the above-mentioned progressive
decrease in SI
MAX was combined with a larger mechanical
redistribution of SI stresses along the restored part of the
MV leaflet.
DISCUSSION
The present study clearly shows, for the first time, that
relocation of the posterior MV leaflet with different
NCI techniques can have different consequences on MV
biomechanics, despite comparable macroscopic successful1032 The Journal of Thoracic and Cardiovascular Sursurgery, as demonstrated by the absence of any residual
mitral regurgitation and by the restoration of adequate
values of CoL and CoA. Furthermore, we were able to
demonstrate that the biomechanics of the prolapsed poste-
rior leaflet change, based on the underlying mechanisms
of IPP, and similar changes are noticeable postoperatively,
in a technique-specific fashion. We report that, through an
integrated bioengineering-radiological-surgical approach
to the simulation of MV apparatus, the reliability of FE
analysis clearly increases, with the potential for both an
elegant reproduction of different surgical repairs and a
detailed definition of the postoperative biomechanical
changes associated with several NCI techniques.
According to our data, it is possible to define a theoretic
patient-specific gold standard NCI technique for any
patient, in terms of both macroscopic and biomechanical
characteristics. CoA and CoL can be considered as macro-
scopic pivotal parameters (surgery generally aims to maxi-
mize both parameters); however, biomechanical variables,
such as the relief of tension on the native chordae, the
degree of stress redistribution on MV leaflets, and peak
mechanical stresses observed along the leaflet free margin
after NCI, although not directly measureable by surgeons,
may play a crucial role in defining the best repair technique.
As examples, in patients 1 and 4 (who shared a similar but
specular mechanism of isolated P2 prolapse), LN and LNH,
respectively, proved to be the best available surgical
options, because they individually combined the highest
recovery of CoA and CoL with the highest relief of tension
on the native chordae (Fnc), leaving the reaction forces of
the PM (FPM) substantially unchanged and achieving
significant reduction of SI
MAX along the free margin.
According to these findings, it can also be argued that a
correlation between FE-derived biomechanics at the time
of the repair and clinical long-term follow-up of different
techniques for NCIs (eg, via a recurrence of MV regurgita-
tion) may help to elucidate which of the biomechanical
variables might play a crucial role in the fate of MV repair.
Sporadic primary failure of ePTFE neochordae, as well as
several case reports of neochoral calcification and fracture,
have been reported in the literature.27,28
Postoperative changes in MV biomechanics assessed
with cMRI-derived FE models can provide valuable back-
ground to better understand the biomechanical implications
after surgical repair. Preoperative stresses are usually
concentrated on the leaflet areas next to the prolapse (as
graphically reported in Figure 3); moreover, these stresses
might have acted, with their potential weakening effect,
on those areas for a long time before repair. Therefore,
although we reported that all the NCI techniques
transferred these stresses back on the prolapsed area
(clinical practice with NCI is almost always a success
story), adjacent areas may remain weak and be the potential
initial source for future relapse of IPP (possibly due also to agery c September 2014
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MV degeneration, triggered by the long-lasting stresses
on these areas). It is common practice to reoperate on
patients with recurrent mitral leaflet prolapse without
evidence of NCI failure, as reported in most clinical
series.8,29 These data could suggest that multiple
neochordal stitching involving the areas next to the
prolapsed region, although unusual in current surgical
practice, might be considered in order to reinforce those
chronically weakened areas, thus potentially ameliorating
the long-term clinical results.
Our cMRI-derived FE models confirmed the clinical
hypothesis,9,30 according to which multiple ePTFE
neochordae can provide a larger leaflet coaptation area,
better preserve the ventriculo-annular continuity, and better
redistribute stresses on the repaired leaflet. As clinically
supposed, in our simulations the largest CoA and the high-
est reduction of SI
MAX along the free margin were achieved
with multiple NCIs. As for patients 1, 2, and 4, patient 3 also
showed a progressive decline of SI
MAX along the free
margin going from SN to loop techniques. However, the un-
expected increase, with respect to the Pre-model, in SI
MAX
of LN (þ29.8%) and LNH (þ23.0%) in patient 3,
compared with its reduction only with the SL configuration
(23.5%), deserves further speculation. We hypothesized
that it can be related to a higher spatial flexibility, compared
with a relatively more constraining effect with LN and LNH
configurations, offered by the SL configuration, where
artificial neochordae can better adapt to the postoperative
geometry, thus achieving a more physiologic redistribution
of stresses along both P2 and P3 free margins. Future
studies are needed to further investigate the peculiar
biomechanics of paramedial P2 prolapse and to confirm
these preliminary speculations.
In conclusion, FE patient-specific simulations high-
lighted biomechanical differences in the outcome of several
NCI configurations. The tests performed may potentially
affect the clinical outcome of the procedure and promote,
if extensively and successfully tested, patient-specific
optimization of NCI techniques for the treatment of
degenerative MV prolapse. Compared with, for example,
transesophageal echocardiography, cMRI involves higher
costs and is less convenient. However, it allows for a
more reliable 3D reconstruction of the morphology of the
entire mitral apparatus and of the complete kinematics of
its substructures. The impact of valve morphology and kine-
matic boundary conditions on the computed biomechanical
variables31 led to the use of a cMRI-based modeling
approach.
Limitations
The present study has 3 main limitations. First, it is based
on the analysis of a small cohort of patients with IPP.
However, according to the speculative nature of the study,The Journal of Thoracic and Careach anatomic substrate served as a benchmark for biome-
chanical tests on 5 different surgical NCI techniques.
Second, to date there is no clinical proof of a
biomechanical-induced relapse of IPP, because we do not
have any long-term follow-up data for the patients in the
study. As a consequence, we cannot translate our quantita-
tive results, which refer to an acute postoperative condition,
into long-term prognostic indicators.
Third, the modeling methodology adopted requires a
considerable amount of computational and human work,
which is not compatible with its use in routine clinical
application.
Accordingly, in order to overcome these limitations,
future efforts will focus on further expansion of these pre-
liminary results through the enrollment of more patients
and their monitoring over a long-term follow-up. Also, in
order to develop more clinically oriented tools, we are
already exploring different modeling approaches that, at
the cost of a less detailed quantification of biomechanical
variables (ie, local strains and stresses), will allow fast
and almost real-time simulations.32 Increasing the cohort
of patients will provide an improved correlation between
the biomechanical differences and the clinical outcomes
of different surgical techniques and help to stratify, based
on a larger range of MV prolapse patterns, the potential
clinical risks associated with some MV repairs.References
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Discussion
Dr Daniel H. Drake (Traverse City, Mich). I congratulate you
on your superb work. Finite element analysis is essential to further
our understanding of complex repair. There is increasing evidence
to suggest that Barlow disease is a subtle connective disorder re-
sulting in biomechanically weak tissue. Therefore, in accordance
with the Law of Laplace, shouldn’t we try to reduce the size of
the annulus in order to decrease the load on all structures within
the mitral apparatus?
Is there finite element evidence to support reductive-ring annu-
loplasty or at least true-size ring annuloplasty for the patient with
Barlow disease?
Dr Sturla. Thanks for the question. We have to distinguish be-
tween the 2 groups. We have to distinguish fibroelastic deficiency,
for example, from the patients with Barlow disease. In this study,
all the patients were affected by fibroelastic deficiency and we can
infer that mechanical stress can be really redistributed on the
leaflet, thus obtaining good results.
In the future, I would like to extend my analysis to some more
difficult cases, such as cases of Barlow disease for which we have
to go deeper into the problem, and assessing this point could be
very interesting.
Dr Drake. Thank you.
Dr Kenton J. Zehr (Baltimore, Md). Can I ask 1 quick ques-
tion? Have you looked at the effect of respecting the leaflet versus
resecting the leaflet?
Dr Sturla. At the moment, not yet. With regard to the resection
technique, we are going to make adequate biomechanical assump-
tions to simulate it; I am going to study this aspect and I hope make
it.
Dr Zehr. Very nice. We look forward to it.
Dr Sturla. Thank you.gery c September 2014
